DNA and cetyltrimethylammonium bromide (CTAB) have been used to prepare gel particles for controlled release studies. This article reports on the release of DNA and CTAB in four different solutions: in sodium bromide, in strong acid, pH=2 and pH=9 solutions for salmon testes DNA-CTAB gel particles. Also, compares results at extreme acid media and 10 mM NaBr solution with higher molecular weight DNA gel particles. The direct surfactant release was followed for the first time and shows the need of using biocompatible surfactants for the preparation of these gel particles. The release behavior depends on the receptor solution pH and the molecular weight of DNA. The first stage of the release corresponds to the so-called normal release profile and after this period, the release changed to a slow release profile. Also, the effect of dehydration and rehydration on the gel particles structure has been studied for the first time. The last process was observed visually and by SAXS measurements as a function of time. This process maintains the particle membrane integrity, structure and barrier function. The rehydration of dry gel particle in water occurs in only a few hours.
Introduction
In recent times, significant advances in drug-delivery systems have enabled more efficient administration. Many delivery mechanisms have been refined through the development of more reliable dosage forms, such as tablets and capsules. [1] [2] Controlled drug delivery involves the ability to control the distribution of therapeutic agents both in space and time.
Controlled-release systems also increase the overall efficiency of the drug by maintaining the drug concentration in the body within the optimum therapeutic range and under the toxicity threshold. In the past, significant advances in drug-delivery systems have enabled more effective drug administration. In order to deliver drugs to specific organs, a range of particulate delivery systems has been designed (e.g., micelles, liposomes, and polymeric nanoparticles). [3] [4] Oppositely charged polymers and surfactants can form gel particles, which might display different structures and compositions. Studies of surfactant-polyelectrolyte gels have demonstrated that gelation can give rise, under some conditions, to homogeneous "solidlike" particles, whereas, in a more inhomogeneous gelation process, hollow or core-shell capsules form. [5] [6] Those systems find applications in the pharmaceutical area; however, the list of commercially available products becomes very narrow, mainly because of regulatory hurdles to demonstrate their safety for human use. The number of applications proposed for nano/gel particles is steadily increasing, being reflected in a rising number of papers and patents, as well as formulations undergoing clinical trials. It is well known that the nucleic acids (DNA and RNA) can self-assemble with cationic lipids or surfactants via electrostatic attractions and hydrophobic interactions between the apolar surfactant hydrocarbon tails. Due to these interactions these molecules compact and stabilize DNA.
The self-assembly will result in complexation and condensation of the nucleic acid and is thermodynamically driven by the release of counterions. [7] Most of these complexes are dispersed in aqueous solution with well understood properties and well characterized structures. [8] [9] [10] The drug release behavior and catalytic activity of these nanoparticles are strongly influenced by their morphology. The drug delivery application of DNA gel particles includes the collapse of extended DNA chains into compact, ordered particles containing only one or few molecules. [11, [14] [15] Also, some of the physical properties of the colloidal delivery systems can be modified, aiming to protect the DNA from denaturation, minimize DNA loss, prevent harmful side effects, enhance targeting, increase drug bioavailability and stimulate the immune systems. [12] [13] Apparently, minor changes in the structure can have major effects on biological activity. [15] The main essential step in the process of transfection is to compact the extended, high-molecular-mass, negatively charged DNA into a condensed, positively charged (or neutral) particle which has to be small enough to be object of endocytosis. This condensation requires, a chemical species bearing multiple positive charges to replace the monovalent counterions of DNA. [16] For these reasons, the release study of these complexes opens new perspectives in the field of controlled release.
Clearly, it is important to have knowledge of the mechanisms controlling the rate of release and selective extraction of the components from the gel particles.
Nowadays natural products such as DNA and other negatively charged polymers from natural origin are the two main approaches to forming biocompatible gel particles. The formation of gel particles using chitosan was earlier explored and also used to encapsulate an aromatic oil in surfactant-polyelectrolyte gel particles, and its release was followed either in aqueous or organic phases. [6] Earlier, it was observed that when the DNAsurfactant gel particles are suspended into a definite medium, different responses are encountered: swelling or shrinkage, dissolution and release of DNA. [20] In some applications, a physical cross-linker is used to enhance the biodegradation of the gel. A simple alternative for this enhancement is the association between surfactants and polyelectrolytes. [17, 18, 19] On the other hand, it is known, that protonation of DNA bases leads to helical destabilization and melting, which results in major biopolymer structural changes. [21] [22] [23] Also, it was observed that, as base protonation progresses, a B-DNA to C-DNA conformation conversion occurs, with significant DNA spectral changes. The protonation of Guanine bases occurs at pH≤3. [24] In addition, previous studies found that DNA denatured by treatment with 1-4 M HCl for a period of 30 minutes. [25] Morán et. al previously reported the simple preparation of DNA-cationic surfactant gel particles. [26] In the present work two types of DNA-cationic surfactant gel particles were studied: DNA from salmon testes and calf thymus DNA. The aim of this work was to follow the release of CTAB and DNA from gel particles in different receptor solution and also the study of rehydration of the dry gel particles. The release studies are presented in 10mM salt, pH=2, pH=9 solution and in strong acid media. In the first cases, the release was slow but in strong acid solution fast release was observed in the first hour. To increase the shelf life of the gel particles dehydration-rehydration studies were performed. Those showed that the dry gel particles are completely rehydrated in four hours, and they retain their structure and properties.
Experimental section
2.1 Materials. Double stranded DNA was used during the studies. Deoxyribonucleic acid from salmon testes (sodium salt) (stDNA) with molecular weight of 1300 kDa and DNA sodium salt from calf thymus (ctDNA) with a molecular weight of 10000-15000 kDa were purchased from SIGMA and used as received. The DNA concentrations were determined spectrophotometrically at 260 nm from calibration curves. The sodium bromide (NaBr), borax and hydrochloride acid (HCl) were obtained from SIGMA and cetyltrimethylammonium bromide (CTAB) from FLUKA. All experiments were performed using Millipore Milli-Q deionized water and NaBr solution.
Particle Preparation.
The DNA stock solutions were prepared as 2% DNA in 10 mM NaBr in order to stabilize the DNA secondary structure in its native B-form conformation.
[27] CTAB solution was prepared as 2% CTAB in 10 mM NaBr dissolved in Milli-Q water. DNA solutions were added drop-wise into gently agitated surfactant solution (4 mL).
The DNA droplets in contact with the surfactant solution gelled into gel particles. [15] These gel particles were left to stabilize and equilibrate in the surfactant solution for a period of 2h. (See the sketch of the particle preparation in Supporting Information Figure   1S ). Then the gel particles were separated and washed 10 x 4 mL of Milli-Q water to remove excess salt and surfactant. were suspended in 2 mL of different receptor solutions: 10 mM NaBr, 0.5% of HCl+10mM NaBr, pH=2 (0.2M HCl + 0.2M NaBr) and pH= 9 (0.025M borax) solution. The samples were kept under constant agitation at room temperature (27±0.5ºC). At defined time intervals, the supernatant was collected, and the gel particles were re-suspended in fresh receptor solutions. CTAB released into the supernatant was determined by surface tension measurements (using a home-made pendant drop instrument). The released DNA was determined by measuring the absorbance at 260 nm with a spectrophotometer (Carry 300 -UV/VIS spectrophotometer). Because of the DNA denaturation in acid media, the DNA calibration curve in acid media was determined too. The maximum was between 264-266 nm, which agrees with the literature data. [28] The released surfactant-and DNA concentrations were determined from the calibration curves (see Supporting Information Figure 2S for CTAB and Figures 3S-6S for DNA) taking into account the dilutions. The surface tension of the receptor solution is used with the calibration curve to determine its CTAB concentration. In case the surface tension is in the high-concentration plateau, the sample is diluted till a usable value is obtained. In case the sample produces a surface tension in the low-concentration plateau, the concentration cannot be determined. The maximum possible release of DNA and CTAB was calculated from the weight of the 15 gel particles (before immersing in the receptor solution) and taking into account the amount of CTAB incorporated into the gel particles (obtained from the difference in concentration of CTAB before and after gel particles formation). This determination is further confirmed in the case of complete degradation of the gel particles (in 0.5% HCl-10mM NaBr).
Hydration.
The gel particles were freeze-dried and rehydrated in water. The rehydration was followed by X-ray measurements.
X-ray measurements.
Small angle X-ray measurements (SAXS) were carried out using an S3-MICRO (Hecus X-ray systems GMBH Graz, Austria) coupled to a GENIX-Fox 3D X-ray source (Xenocs, Grenoble), which provides a detector focused X-ray beam with the Cu Kα line (1.542 Å) with more than 97% purity and less than 0.3% Kβ. Transmitted scattering was detected using a PSD 50 Hecus with a pixel resolution of 54.2µm and approximately 1cm pixel width. The samples were inserted in a capillary with 1 or 2 mm diameter, depending on the size and the texture of the sample. The SAXS scattering curves are shown as a function of the scattered vector modulus q according to:
where λ is the wavelength of the used X-ray (1.542 Å) and ϴ is the scattering angle. The scattering patterns are shown as obtained, that is mainly with the detector smearing.
Results and discussion

Receptor solution effect on release studies
The release of gel particle components was followed with time and the total released concentration of the different components (DNA and CTAB) was determined. As it was mentioned already, after two hours, the gel particles were washed with water and separated in the different receptor solutions. For the release, two samples were taken during the first hour and further one sample every hour. The sample collection was performed by changing the receptor solution with new solutions. From each sample, the DNA and CTAB concentrations were determined by UV-spectrometry and surface tension measurement respectively.
In Figure 1 the total released CTAB (a) and the total released DNA (b) are presented as a function of time for stDNA-CTAB complexes in different receptor solution. For the DNA release at pH=9, the results for the first hours are not shown in the Figure 1b because the concentrations were below the limit of the detection. The CTAB release in different receptor solution had the same behavior, in the first hours was faster and after 24 hours was getting slower. In acid solution, the CTAB release is faster than in 10 mM NaBr and pH=9
solution. This can be explained by the denaturation of DNA, which induces a faster and bigger amount of CTAB and DNA release in the first hours. In 10mM NaBr, a small amount of surfactant is released, but in acid media, starting from the first minutes, the released amount of CTAB is significantly bigger. In pH=9 solution, the DNA release was not observed, and the gel particles were stable. In acid media, the released amount of DNA is faster which correlate with the denaturation/dissolution of the gel particles.
The effect of the pH on the release studies was different for CTAB and DNA release. The released amounts in percent, in different receptor solution, are presented in Table 1S (see supporting information). In DNA release a clear effect of the receptor solution pH was observed, by increasing the pH the amount of released DNA decreases and also, in the first hours of the studies, the kinetics are getting slower. Regarding the proportion of the release of the membrane components, in the first hours, the ratio of the released CTAB/DNA is close to that of the complex membrane (around 1.5). [34] This ratio can be considered constant for 10mM NaBr receptor solution. However, in acid media this ratio clearly decreases with time as a consequence of the complete release of the encapsulated DNA.
Molecular weight effect on release studies
The release studies of stDNA-CTAB complexes were compared, at very acid media (0.5%HCl, 10mM NaBr) and 10mM NaBr solution, with DNA-complexes formed with higher molecular weight, namely with calf thymus DNA. In Figure 2 Figure 8S and 9S in supporting information. The released amount of surfactant for ctDNA-CTAB gel-particles in the first hours in NaBr was smaller to that obtained for stDNA-CTAB gel particles, but after 2 hours it was similar. For the ctDNA release in gel particles, differences were observed in both receptor solution compared with salmon testes DNA. The differences in release in acid media can be explained by the slower denaturation of calf thymus DNA, in this case, the membranes of gel particles were dissolved only after 3 days (see section 3.3).
The controlled release from these gel particles can be described as a diffusion process from core-shell spherical particles. A simple model for the diffusion process is described by the Fick`s law diffusion equation but, in the context of drug release studies, several other equations have been developed. [29] Also, specific models for the release of a molecule encapsulated in the interior of gel particles have been proposed in the literature, for instance, the shrinking core model. [6] In the present case, because the released molecules form part of the structure of the shell and are also found in the core of the particle, we have used just the more phenomenological model. The release can be described by the empirical power law equation developed by Peppas [30] :
Where is the absolute cumulative amount of drug released at time t, is the amount of drug initially loaded into microgels, k is a release rate constant and n is a release exponent.
For drug release from spherical particles, the value of the exponent n for Fickian diffusion depends on the width of the distribution. [31] The case n<1 corresponds to slower diffusion than n>1. The case n=1 corresponds to the so-called normal diffusion. The release would also depend on the membrane structure. The release of CTAB and DNA from gel particles is a specific diffusion from a spherical particle. Also, we should mention that washing the gel particles after preparation assures that any loose DNA or CTAB is removed from the surface, eliminating the possibility of bursting effects. In Figure 2a As we observed in acid media, the gel particles, already from the first moment start to denature. The transparent gel particles change the color to white, shrink and with time they start to dissolve in the acid solution. In Table 1 , the proportion of released molecules is shown in 10mM NaBr and in 0.5% HCl-10 mM NaBr solution. In the first two hours, a smaller amount of CTAB and ctDNA is released from ctDNA-CTAB gel particles compared to stDNA-CTAB. This result suggests that the interaction is much stronger in the case of calf thymus DNA. An indication of how strong is this interaction is the formation of a stronger and thicker membrane (gel particle skin). The whiter ctDNA-CTAB gel particles suggest a thicker skin formation.
The release in acid media is different from that in 10mM NaBr. After 24h in acid media, the gel particles are destroyed, more than 80% of the DNA and more than 60% of CTAB is released in 0.5% HCl-10mM NaBr solution. As it can be seen in Table 1 , in 10 mM NaBr, the released stDNA and ctDNA after 8 days is around 1±0.2%, and the released CTAB is between 5.7 % and 3.8 % respectively. In this case, stDNA-CTAB complexes, the surfactant release show slower kinetics. This small exponent in the kinetics implies that, after 3 months only 4-7% of DNA is released.
While in acid media after five hours around 30% of stDNA is released, for ctDNA-CTAB gel particles only 20% of ctDNA has been released in the same time. This difference suggests that, in the case of calf thymus DNA, the interaction is stronger. As stated above, an indication of how strong is this interaction is the observation of a mechanically stiffer film constituted by the polyelectrolyte-surfactant complex. From these results, we should also pay particular attention to the release of CTAB that is small (but not negligible) in 10 mM NaBr and is near complete in acidic conditions. The importance of the surfactant release associated to the DNA release from this type of gel particles was already pointed out by Morán et al. [36] . Those authors used the correlation between haemolytic activity and cationic surfactant concentration to evaluate the amount of surfactant released. In the present case, we have evaluated the surfactant concentration in the receptor solution by surface tension measurements. Moreover, the concentrations of surfactant obtained by
Morán et al. were much higher than in the present case, due to the different composition of the complex when using different surfactant chain lengths and surfactant solubility. Thus, the present complexes have a surfactant/nucleotide ratio of around 1.5 in the shell or around 5 in the whole particle compared to 11 found by Morán et al. for surfactant with shorter chain length. These observations reinforce the need for using the most biocompatible choice possible for the cationic surfactant when formulating these gel particles for their use in vivo. [20, 33] 
Visual changes of gel particles
DNA-CTAB gel particles after formation and preparation for release had a different color.
The stDNA-CTAB gel particles were more transparent than the ones of ctDNA-CTAB. The whiter color of ctDNA-CTAB gel particles suggest a thicker film formation and also can be correlated with the molecular weight of the ctDNA which result in a more viscous gel.
During the release studies, the visual changes of the gel particles were also monitored. For the gel particles in NaBr solution, the size and form remained unchanged, but in HCl solution the gel particles got whiter, smaller, and after a few minutes they formed a bigger aggregate (all the gel particles were stuck together). These changes are shown in the photos of Figure 3 .
The pH of the NaBr supernatant solutions evolved from 5.5 to 7.5 and for the HCl solution was around 0.5. After 24 hours, the gel particles from salmon testes DNA in HCl solution were dissolved, only traces of the membranes were still visible. The gel particles from calf thymus DNA after three days still had small pieces of membrane in HCl. In NaBr solution, the color of the ctDNA gel particles changed to whiter, less transparent. See photos of gel particles in Figure 4 after 24 hours.
After four days, the gel particles in NaBr looked the same, but in acid solution for ctDNA-CTAB gel particles very small pieces of the gel particles were visible at the bottom part of the vials.
As it is well known, for the gel particles [16, 25] the stability is given mainly by the electrostatic attraction between DNA and the oppositely charged surfactant. The electrostatic interaction is expected to be weaker in the presence of an electrolyte. Gel particles placed in acid solution show a fast, but progressive dissolution with time. In this case, an initial denaturation of DNA in gel particles can be deduced. Clear difference in stDNA-CTAB and ctDNA-CTAB gel particles in NaBr solution was observed after few hours when the ctDNA gel particles were getting white. The observed color changing can be attributed to water uptake from the solution but also to the stability.
Studies of rehydration of dry gel particles
The structural study of these complexes at the molecular level is crucial for understanding the structure-activity relationship. In earlier studies, [33] [34] the structure of cationic surfactants and DNA complexes was clarified and, a hexagonal structure of the studied gel particles was observed. The hexagonal structure of the complexes in the dry state but also in the hydrated form had already been observed. [34] In this study, another observation was made on dry gel particles. The gel particles after formation and washing with water were vacuum-dried for 24 hours. For the first time, it was observed that the dry gel particles in water rehydrate (i.e. not only the complex rehydrate, but there is a net flux of water to the inner part of the particle due to the osmotic difference) while in higher salt concentration (20 mM NaBr) they slowly dissolve. We can distinguish two different processes: namely the hydration of the complex itself and the hydration of the core-shell particle as such. The gel particle dissolution with time in highsalt concentration (150mM) was earlier observed by Morán et. al. [35] In the studied systems the observed response for DNA-surfactant complexes was explained by a higher flexibility and higher amphiphilic character contribution.
Concerning the hydration of the complex, the capillary with the gel particle during hydration was measured by SAXS in a 2 mm diameter capillary in the presence of excess water. After 4 hours, the gel particles were completely hydrated. The dry particle in water rehydrates (see Figure 10S in Supporting Information), and in acid denaturalize. The 2D spectra of gel particles did not show anisotropy. The SAXS spectra for stDNA-CTAB gel particles are presented in Figure 5 and for ctDNA-CTAB in Figure 6 together with the spectra of the dry gel particles.
The hexagonal structure for the studied gel particles was observed. This structure is more defined when the gel particles are hydrated and in this case the repeating distance is bigger.
The repeating distance corresponds to 40.80 Å for dry gel particles and to 50.27 Å in the hydrated form for stDNA-CTAB complexes. For ctDNA-CTAB complexes, in the dry state, the repeating distance is 41.89 Å and in hydrated form 50.67 Å, with a small band at 241.66 Å. The band at big repeating distance (very small q value) corresponds to ctDNA (see below) hydration. The hydration of DNA was also followed for up to 24 hours, and when the complexes reach the maximum hydration this band disappeared. The repeating distance with water content is changing with time. For ctDNA alone, the hydration was followed in a capillary by SAXS measurement. The spectra are presented as Supporting Information Figure 11S . It was observed that the ctDNA hydration present the same band at small q value when is completed hydrated. The presence of this DNA band also suggests that inside of the gel particles an excess of DNA is present.
In Table 2 , the repeating distances for the studied complexes (calculated from the most intense peak) as a function of time is presented for the two complexes.
The repeating distance in the dry state suggests a very close-packed structure for the studied complexes. As it was observed, the hydration is very fast in the first 30 minutes, the repeating distance increases by 8 Å. Later on, only marginal increases were observed (1-2 Å). Taking into account the repeating distances and the hexagonal structure, the water amount that can be sufficient for an aqueous monolayer can be estimated. The water molecules can penetrate into the headgroup region contributing to the expansion of lattice spacing, which may be compatible with the location of surfactant molecules along or between the DNA helixes. In the whole hydrated gel particle, the water content is around 97%. This water content corresponds both to the water contained in the membrane and inside the particle. The hydrated membranes of the gel particles have a water content around 50% (as determined gravimetrically), which agrees with the change in the structure deduced from the change in repeating distance (from 41Å to 51 Å).
Conclusions
In the present work, the salmon testes DNA, calf thymus DNA and CTAB released from gel particles stored in four different receptor solutions were studied. It was observed that in 10 mM NaBr the released DNA amount is around 1% and the CTAB amount is under 6%.
In this case, the release is slow which corresponds to exponents in Peppas equation n<1. In pH=2 and 9 the CTAB release was similar after 24 hours and the DNA release was observed only in pH =2 while in pH=9 solutions was below the limit of the detection. In strong acid media, the denaturation/dissolution of the gel particle membranes occurs, and near complete release is achieved after 24 hours. The release rate at intermediate times depends on the DNA used, being faster for calf thymus DNA than for salmon testes DNA.
The corresponding release is close to the so-called normal release which, in Peppas equation, is defined as n=1. The release of CTAB from the membranes has been determined directly for the first time in this article and reinforces the literature link of toxicity of these gel particles and its relation with the cationic surfactant release. The observed release highlight the need for using biocompatible components when preparing these vehicles for use as vehicles.
For the first time, also, it was observed that, after drying, the gel particle membrane can be rehydrated, keeping the form, structure and function. The hydrated core-shell gel particles may be used as drug delivery systems and can give a basis for developing DNA-based carriers. Further studies will focus on gel particles as new prototypes for DNA-transfer and controlled drug release. For instance, the release from different gel particles will be studied improving the DNA release, taking into account the encapsulated/free amount of DNA in the gel particle. The rehydration studies will focus on incorporating new molecules in the gel particles. Also, the role of the shell DNA as compared to the inner free DNA should be elucidated.
Supporting Information
Experimental details about particle preparation, calibration curves of CTAB, stDNA and ctDNA and also photographs of rehydration of the dry gel particles and the SAXS spectra of calf thymus DNA hydration are provided. *Released CTAB in ctDNA-CTAB gel particles. The release in the acid solution has an error of ± 10% -5%
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for stDNA and ctDNA respectively. In 10 mM NaBr the error were smaller ± 0.1%-0.05%. Hydrated gel particle
